Results
is critically dependent on Grb2. At 7.5 d.p.c., 33% (17/ 52) of the decidua observed in the uteri of ⌬Grb2/ϩ females upon mating to ⌬Grb2/ϩ males were empty Targeting of the Grb2 Locus The Grb2 locus was disrupted in R1 mouse embryonic ( Table 1 ), suggesting that Grb2 null embryos might arrest after implantation. Indeed, histological analysis of E5.5 stem (ES) cells by deleting sequences containing Grb2 decidua obtained from intercrosses of heterozygous exons 2 and 3. Exon 2 encodes residues 27 to 60, which mutants revealed that about 25% of embryos were abcomprise much of the SH3-N domain, and exon 3 ennormal. To pursue the developmental block of Grb2 null codes residues 61 to 100, which form an essential part of embryos, morulae derived from heterozygous interthe SH2 domain ( Figure 1A ). Since the remaining exons 1 crosses were cultured in vitro. After 2 days in KSOM and 4 are out of frame, this deletion is expected to medium, 86% (48/56) of the morulae developed into result in a null allele (⌬Grb2). Two ES clones bearing the healthy expanded blastocysts. This percentage is concorrectly targeted allele were isolated ( Figure 1B ), and sistent with that observed for development of wild-type chimeric mice derived from one clone, 5-8, gave germ-(WT) blastocysts ex vivo (90%; Bhatnagar et al., 1995). line transmission of the mutant allele. Heterozygous Thus, the failure of a small percentage of cultured em⌬Grb2 mice appeared normal and were intercrossed in bryos to develop into blastocysts is unlikely to be due an effort to generate homozygous animals. However, to the ⌬Grb2 mutation. Consistent with this observation, no ⌬Grb2 homozygotes were identified in the resulting when blastocysts were flushed at E3.5 from Grb2 heteroprogeny at times ranging from 7.5 days postcoitum zygous intercrosses, embryos of all genotypes were (d.p.c.) to 3 weeks after birth (Table 1) . These results present at the expected Mendelian ratio ( Table 1 ) and suggested that an early step in embryonic development appeared phenotypically normal. The blastocysts were then transferred into individual microdrops of medium containing 15% FBS and cul- cylinder. In contrast, the outgrowths from mutant emendodermal cells. After 2-3 days in culture, the Grb2-deficient EBs eventually flattened but had limited outbryos (n ϭ 10) lacked expanded ICMs and contained growths of cells at the edges of the colonies ( Figure 3B ). only very few, if any, endodermal cells, though trophoThe differentiation of endoderm can also be examined blast giant cells were normal (Figure 2 ; Table 2 ). Together by an adherent assay in which ES cells are seeded on these data suggest that Grb2 mutants form blastocysts culture dishes, maintained for 8-10 days, and induced that are able to implant but fail to develop thereafter to differentiate for 2 days in LIF-free medium. As shown due to defects in ICM survival and/or endoderm differenin Figures 3C and 3D , the WT, but not the Grb2-deficient, tiation.
colonies produced an outer layer of visceral endoderm. The potential of ⌬Grb2/⌬Grb2 ES cells to undergo in Grb2-Deficient ES Cells Proliferate Normally but vitro differentiation was also examined by maintaining Are Defective in Endoderm Differentiation LIF-deprived ES cells in suspension culture. The WT ES To determine if the defects observed in the blastocyst cells formed typical late-stage EBs with a peripheral cultures were due to a failure of the ICM to expand or columnar layer of visceral endoderm surrounding interto a specific block in endoderm development, ES cells nal mesenchyme ( Figure 3E ). In contrast, Grb2-deficient homozygous for the ⌬Grb2 mutation were isolated (Figcells gave rise to compact and homogenous structures ure 1B). Two ⌬Grb2/⌬Grb2 clones, A4 and A9, were that failed to produce visceral endoderm and did not identified and subsequently found to display the same cavitate ( Figures 3F and 3G ). The lack of endoderm phenotype. Whereas Grb2 and associated Sos1 could development was further investigated by immunostainbe readily detected in WT cells, no Grb2 was observed ing of cryosections of EBs with antibody to laminin, an in the mutant cells ( Figure 1C Figure 3A) . In contrast, ⌬Grb2/⌬Grb2 EBs failed to athas shown that cytokeratin is synthesized in differentitach to the dish until cultured for 6 hr and did not yield ated cells such as trophoblasts, but not in the undifferentiated ICM (Oshima et al., 1983). Staining of cryosections of ⌬Grb2/ϩ EBs revealed detectable levels of cytokera- 
Fusion of a Truncated Sos1 Protein to the Grb2 SH2 Domain Suppresses the Defect in Grb2-Deficient ES Cells
A model proposed for Grb2 signaling suggests that the physical association of Grb2 SH3 domains with prolinerich motifs in the C-terminal region of Sos1 ( Figure 5A ) recruits the Ras guanine nucleotide exchange factor (GEF) into a complex with pTyr-containing proteins, riphery. The identity of these cells was further confirmed domain is sufficient to suppress the ES cell defect by specific staining for ␣-fetoprotein, a marker of viscaused by ablation of Grb2, arguing that a key physioceral endoderm ( Figure 5C c ) . Thus, the expression of logical role of WT Grb2 during endoderm differentiation tSosSH2 can compensate for the loss of Grb2 and effecis to recruit Sos1 or a related GEF to pTyr-containing tively restore the differentiation program of Grb2 mutant proteins.
ES cells. We also investigated the ability of tSosSH2 to rescue visceral endoderm differentiation of Grb2-deficient cells
Grb2 Is Required during Development of the Epiblast by analyzing the development of EBs in suspension cul-
To circumvent the initial block in endoderm differentiature. After 2 weeks of culture, Grb2 null cells transfected tion resulting from the absence of Grb2, aggregation with tSosSH2 gave rise to EBs that displayed differentiated features ( Figures 5C a and 5C b ) . Most important, EBs chimeras were generated by incubating ES cells with WT morulae. During the development of chimeric emresiding on the inner surface of the epiblast (Figures 6B e and 6B f ). bryos, the extraembryonic endoderm lineage is fated to be derived from the WT morula cells, allowing developAggregation chimeras were also generated using Grb2 mutant ES cells that had been transfected with ment to proceed beyond E4.5 of gestation. Hence, the developmental potential of the ES cells at later stages the WT Grb2 cDNA and previously shown to regain endoderm differentiation in vitro (Figure 4) . Both wholecan be studied. Clumps of heterozygous or homozygous mutant ES cells were aggregated with WT morulae that mount analysis ( Figures 6B c and 6C ) and tissue sections ( Figure 6B g ) showed a strong contribution of these ES contain the Rosa-26 LacZ transgene ( Figure 6A ) and then transplanted into pseudopregnant females until cells to the E7.5 chimeric embryos, indicating that reintroduction of WT Grb2 into the Grb2 Ϫ/Ϫ ES cells restores E7.5 of gestation, when whole embryos were fixed and stained for ␤-galactosidase activity. Under these cirtheir ability to contribute to the epiblast. These data indicate that Grb2 is required during the development cumstances, ES cell-derived tissues will be unstained, whereas morula-derived cells will stain blue. Wholeof the epiblast layer and reveal that Grb2 has multiple, sequential functions during mammalian embryonic demount analysis revealed that heterozygous ES cells readily contributed to the developing chimeric embryos velopment. We also investigated whether the tSosSH2 fusion pro-( Figures 6B a and 6C) , whereas Grb2-deficient ES cells were not easily detected in the embryo ( Figures 6B b and tein could substitute for Grb2 in guiding epiblast development. To this end, chimeric embryos were generated 6C). Sectioning of these embryos showed that heterozygous ES cells contributed to both the developing epiusing Grb2 
